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Abstract: Significant volumes of rhyolites and granites of the Pliocene-Pleistocene age are exposed
in the collision zone of the Greater Caucasus, Russia. The volcanic history of the region includes
ignimbrites and lavas associated with the Chegem caldera (2.9 Ma) and Elbrus volcano (1.98 and
0.7 Ma) and rhyolitic necks and granites in Tyrnyauz (1.98 Ma). They are characterized by a similar
bulk and mineral composition and close ratios of incompatible elements, which indicates their related
origin. The 1.98 Ma Elbrus ignimbrites, compared to the 2.9 Ma Chegem ignimbrites, have elevated
concentrations of both compatible (Cr, Sr, Ca, Ni) and incompatible elements (Cs, Rb, U). We argue
that the Elbrus ignimbrites were produced from magma geochemically similar to Chegem rhyolites
through fractionation crystallization coupled with the assimilation of crustal material. The 1.98 Ma
Eldjuta granites of Tyrnyauz and early ignimbrites of the Elbrus region (1.98 Ma) are temporally
coeval, similar mineralogically, and have comparable major and trace element composition, which
indicates that the Elbrus ignimbrites probably erupted from the area of modern Tyrnyauz; the
Eldjurta granite could represent a plutonic reservoir that fed this eruption. Late ignimbrites of
Elbrus (0.7 Ma) and subsequent lavas demonstrate progressively more mafic mineral assemblage
and bulk rock composition in comparison with rhyolites. This indicates their origin in response to
the mixing of rhyolites with magmas of a more basic composition at the late stage of magma system
development. The composition of these basic magmas may be close to the basaltic trachyandesite,
the flows exposed along the periphery of the Elbrus volcano. All studied young volcanic rocks of the
Greater Caucasus are characterized by depletion in HSFE and enrichment in LILE, Li, and Pb, which
emphasizes the close relationship of young silicic magmatism with magmas of suprasubduction
geochemical affinity. An important geochemical feature is the enrichment of U up to 8 ppm and Th
up to 35 ppm. The trace element composition of the rocks indicates that the original rhyolitic magma
of Chegem ignimbrites caldera was formed at >80%–90% fractionation of calc-alkaline arc basalts
with increased alkalinity. This observation, in addition to published data for isotopic composition
(O-Hf-Sr) of the same units, shows that the crustal isotopic signatures of silicic volcanics may arise
due to the subduction-induced fertilization of peridotites producing parental basaltic magmas before
a delamination episode reactivated the melting of the former mantle and the lower crust.

Keywords: rhyolite; ignimbrite; Elbrus; Chegem caldera; collisional magmatism

1. Introduction

The widespread occurrence of silicic magmatism (granite intrusions, batholiths, and
rhyolites) is typical for collisional environments, and their origin is debated. The source of
silicic magmas can be the anatexis of crustal material, the differentiation of mantle-derived
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mafic magmas, or commonly a combination of these two mechanisms [1,2]. The source,
age, geochemical characteristics, and temporal evolution of silicic magmatism of collision
zones and elsewhere are critical for geodynamic reconstructions. The primary sources
of information the origin of silicic magmas are the isotopic composition, mineralogical
and geochemical features. For example, the Himalayan leucogranites are considered a
result of the anatexis of radioactively heated thickened crust [3]. These units inherit purely
crustal highly radiogenic isotopic ratios, are characterized by high δ18O values (>10‰),
and are enriched in incompatible elements. Silicic magmas formed by the fractionation of
mantle-derived magmas have lower concentrations of incompatible trace elements, lower
δ18O values (6–8‰), and mantle-like radiogenic isotopic ratios [4–6].

This work characterizes petrological, mineralogical, and geochemical features of
Pliocene-Holocene silicic lavas, tuffs and ignimbrites of Chegem and Elbrus, and Eldjurta
granite of the Greater Caucasus, Russia, to provide petrological insight into their source
and mutual genetic relationships.

2. Geological Relations and Magmatism Ages

Young syn-collisional volcanic and plutonic silicic rocks of Chegem, Tyrnyauz, and
Elbrus areas are exposed in the collision zone of the Greater Caucasus (Figure 1). The
1.98 Ma Eldjurta granite massif in the Tyrnyauz area is one of the youngest granites exposed
in a collisional environment worldwide, and is located 35 km northeast of Elbrus. Tyrnyauz
is well-known for its industrially mined Mo-W deposits [7,8]. Eldjurta granite is intruded
into Proterozoic-Paleozoic schists and gneisses and Paleozoic volcaniclastic formations.
Chegem caldera (~11 × 15 km, 2.9 Ma) is 10 km southeast of Tyrnyauz. Its famously exposed
2 km-thick densely welded intracaldera rhyolitic tuff (ignimbrite), less welded voluminous
outflow tuff sheets to the north (near Zayukovo village; Figure 1), and granodiorites are well
exposed and were recently interpreted as being a result of a single large caldera-forming
eruption by [9,10], while previous researchers advocated for several eruptions and multiple
vents [11]. Chegem granodiorites are inside the uplifted intracaldera welded tuff, and the
caldera is hosted by Palaeozoic gneisses and granites of Greater Caucasus crystalline core
and sedimentary rock.
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Tyrnyauz-area rhyolites are represented by rhyolitic volcanic necks on top of Eldjurta
granite [12] and poorly dated rhyolitic fields to the west and north (Figure 1). Glacially
eroded outcrops of rhyolitic tuffs are distributed mainly to the north and west parts of
the modern volcanic edifice of Elbrus [13] (Figure 1) and likely extend to the basement of
Elbrus edifice. Near Kukurtli ignimbrites form 1 km-thick wall with spectacular vertical
welding features [13]. The high erosion rate of the rapidly uplifting Greater Caucasus led
to the dissection of ignimbrite outcrops, which complicates the determination of geological
relationships, the cross-correlation of individual sections, and the estimation of overall
volumes of magmatism. Rhyolitic ignimbrites of different ages are exposed around Elbrus
as incomplete eroded sections in the Tuzluk, Birjaly-su, and Nemetsky Aeroport localities, in
the area of the Ullukol and Kukurtli glaciers, and the Irik-chat, Chuchkhur, and Chemartkol
river basins. Two strata of rhyolites were distinguished [14,15] based on paleodose dating
of quartz phenocrysts by electron paramagnetic resonance [15,16]. Recent efforts to perform
high-accuracy zircon dating [17] of the lower rhyolite strata from various outcrops showed
that they have the same age (1.98 Ma), which is close to the age of the Eldjurta granites
(1.96 Ma) and older than magmatic activity at Elbrus. The upper rhyolites strata were
formed 0.79–0.62 Ma [15] and were dated by [18] using U-Pb in zircons.

Lavas flows occur on the northern and southern slopes of the Elbrus volcano (K-Ar
are < 0.2 Ma) [19], and separate volcanic vents (Tash-Tebe, Syltran, Tyzyl, Tashlysyrt)
around Elbrus (K-Ar age 0.9–0.95 Ma) [20]. The lavas range in composition from basaltic
trachyandesites to dacites; the least silicic lavas occur in peripheral lava flows [21].

3. Samples and Analytical Methods

Samples of young igneous rocks of the Greater Caucasus were collected in 2017 and
2019 by I.N. Bindeman, and were also previously collected by V.M. Gazeev and C. Gazis, the
latter were stored and retrived from the Caltech repository. The collection included rhyolitic
intracaldera and outflow tuffs of Chegem caldera (near Zayukovo village), Tyrnyauz
rhyolitic lavas and granites, and Elbrus oldest rhyolitic tuffs (from the collections of Gazeev
and Gurbanov) and dacitic lavas of the modern cone (Table S1). The same sample set was
used for a U-Pb geochronological and isotopic study by [17]. The sampling sites are shown
in Figure 1.

The composition of minerals and glasses was determined using a JEOL JXA-8230
microanalyzer and an Oxford X-MaxN energy-dispersive spectrometer with a detector
area of 50 mm2 (both Geological department of Lomonosov Moscow State University).
The analysis of minerals composition was carried out at an accelerating voltage of 20 kV
and a probe current of 10 nA (energy-dispersive spectrometer Oxford X-MaxN) or 30 nA
(JEOL JXA-8230). The composition of volcanic glasses was determined at an accelerat-
ing voltage of 15 kV by a defocused electron beam 7 µm in diameter with a current of
7 nA, similar to the approach in [22]. Standards of natural silicates [23] and synthetic
stoichiometric compounds were used as primary standards. The quality of the analysis
was validated by repetitive measurements of natural standards (Smithsonian Institution) as
a secondary test. Microprobe analyses of phenocryst minerals are included in the electronic
Supplementary Materials.

The bulk rock composition was analyzed at the Vinogradov Institute of Geochemistry
Siberian Branch of the Russian Academy of Science (Irkutsk, Russia). The bulk rock major
element content was obtained using a sequential X-ray fluorescence spectrometer S4 Pioneer
(Bruker AXS) according to the method for a sample of 500 mg [24]. The trace element
concentration was determined by the method of mass spectrometry with ionization in
inductively coupled plasma (ICP-MS) on a mass spectrometer with a magnetic sector
ELEMENT 2 (Thermo Scientific) according to the method in [25]. Estimated precision (2SD)
did not exceed 10 rel%. The quality was controlled by repetitive (every 5–6 measurements)
analysis of two standards: BHVO-2 and AGV-2 (Table S2).
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Oxygen isotope analysis was performed by laser fluorination at the University of
Oregon using BrF5 as a reagent and a MAT253 mass spectrometer; most analyses were
taken from the study of [17], and several new analyses were reported here.

Zircon dating was performed at ETH Zurich by LA-ICPMS, SHRIMP, and IDTIMS
and described in the same study. We report one new LA-ICPMS date for Elbrus ignimbrite
studied here that agrees with the previous date determination by [18]. A comprehensive
U-Pb dataset for Elbrus will be presented by us shortly.

4. Results
4.1. Petrography and Mineralogy
4.1.1. Rhyolites of Chegem Caldera (2.9 Ma)

Rhyolites from Chegem caldera are dominantly vitroclastic tuffs, composed of pumice
lithoclasts and crystal fragments in a matrix of small fragments of volcanic glass (Figure 2a).
Phenocrysts in pumice fragments, individual crystals and their fragments are represented
by quartz, sanidine, plagioclase, biotite, and titanomagnetite. Zircon, apatite, titanomag-
netite, and allanite (containing up to 2 wt% ThO2) are accessory phases. Plagioclase forms
weakly zoned tabular crystals which are up to 2 mm long in the cross-section. Their com-
position varies in the narrow range of An20Ab73Or7–An27Ab68Or5 (Table S3). Prismatic
crystals of apatite represent rare inclusions in plagioclase. Sanidine forms euhedral crystals,
and their fragments are up to 2 mm in size. Weak zoning is typical to large crystals, charac-
terized by a change in composition from An1Ab30Or69 at the center to An1Ab40Or59 at the
edge of grains (Table S3). The composition of small sanidine crystals is similar to the outer
parts of large phenocrysts. Biotite forms tabular crystals up to 0.5 mm in cross-sectional
length and contains abundant zircon and apatite mineral contents. The biotite composition
varies in the narrow range of Mg # = 43–47, 0.2–0.3 wt% MnO and 0.2–0.6 wt% Na2O,
0.2–0.5 wt% F (Table S4). Quartz forms bipyramidal crystals which are up to 1.5 mm
long. The composition of volcanic glass varies slightly from sample to sample and lies
in the high silica range, 76.8–77.4 wt% SiO2, 5.4–6.2 wt% K2O (normalized to 100%). The
measured oxide totals of volcanic glass are 95.1–97.6% (Table S5). The low totals are due to
the presence of water (see Section 2). Crystals of titanomagnetite contain thin exsolution
lamellae of ilmenite and are sporadically surrounded by a rim of pure magnetite with rare
ilmenite crystals. The ilmenite lamellae are too small (<1–2 um) to analyze.
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Figure 2. Backscattered electron (BSE) photographs of ignimbrites of the Chegem caldera (2.9 Ma)
and early ignimbrites of Elbrus and rhyolites of Tyrnyauz (1.98 Ma). (a) Ignimbrite of the Chegem
caldera, sample ELB-22; (b) Elbrus ignimbrite, sample ELB-12, (c) zoned plagioclase phenocryst from
Elbrus ignibrite, sample ELB-13, (d) glomeroporphyric intergrowth of zoned orthopyroxene, biotite
and plagioclase from Elbrus ignimbrite, sample ELB-9b. Phase abbreviations: pl—plagioclase, san—
sanidine, bt—biotite, opx—orthopyroxene, qtz—quartz, mt—titanomagnetite, gl—volcanic glass.
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4.1.2. Early (Lower) Rhyolites of Elbrus and Rhyolites of Tyrnyauz (1.98 Ma)

Elbrus area rhyolites sampled near the Tuzluk, Nemetsky Aeroport, and Kamennye
Griby localities and rhyolites of the Tyrnyauz area have the same age, 1.98 Ma [17]. As we
demonstrate here, these ignimbrites and rhyolitic necks are also identical in petrographic
and mineralogical characteristics. They contain 20–30% of the crystals (Figure 2b) in welded
and laminated high-silica rhyolitic glass. Euhedral phenocrysts (sometimes occurring as
lithoclasts and individual crystals and fragments of plagioclase, biotite, sanidine, and
quartz are present in glass. Plagioclase is predominantly represented by large (up to
1.5 mm) weakly zoned tabular crystals and their fragments (Figure 2c). Ignimbrite sampled
at the base of the section of the upper ignimbrite strata in the Kamennye Griby area (sample
ELB-11) contains individual crystals with a “spongy” core containing multiple fluid and
mineral inclusions. The composition of plagioclase varies from An51Ab47Or2 in the central
parts of the crystals to An23Ab71Or6 in the edge (Table S3). Sanidine is represented by large,
predominantly unzoned, or weakly zoned crystals or their fragments with a composition
in the range of An1Ab17–28Or70–82 (Table S3).

Biotite forms tabular phenocrysts up to 0.5 mm in size, forms inclusions in quartz
and plagioclase phenocrysts, and contains numerous inclusions of apatite and zircon. The
largest grains are weakly zoned, although the composition of biotite generally lies in a
narrow range of Mg # = 42–53, with contents of 0.1–0.4 wt% MnO, 0.2–0.6 wt% Na2O, and
0.4–2 wt% F (Table S4). Quartz forms euhedral grains with evidence of minor pre-eruptive
dissolution (slightly rounded crystal outlines). Orthopyroxene is scarce, and forms zoned
crystals up to 0.3 mm in length in samples ELB-9, ELB-9b, and ELB-11 (Figure 2d). It is
found in crystal clots with plagioclase or biotite, or occurs as separate phenocrysts. The
zoning is characterized by a decrease in Mg# to the crystal margins (Mg# = 82–50), and
variations of Cr2O3 content in the range of 0–0.32% (Table S6). Groundmass consists of
fine-grained quartz-feldspar aggregate, sometimes forming spherulite textures. The pore
space is filled with a silica phase, presumably vapor-deposited cristobalite or tridymite.
Volcanic glass is found only in ignimbrites sampled at the top of the section in Kamennye
Griby area (samples ELB-9, ELB-9b), where it is preserved inside lenticular fiamme. The
composition of volcanic glass lies in the high-silica range 77–77.4% SiO2, 6.4–6.6% K2O
(Table S5). Ilmenite (XHem = <5 mol%) and pyrrhotite are present as accessory phases.

4.1.3. Late (Upper) Rhyolites of Elbrus

The mineralogical features of Elbrus ignimbrites occurring in the base and west
of the modern edifice are described based on three samples of the youngest (0.6–0.7 Ma)
ignimbrites of the western slope of Elbrus. The zircon age from one of them (sample 55-1/97)
was determined by LA_ICPMS in Zurich as 0.704 ± 0.017 Ma (n = 63, MSWD = 3.56). The
presence of young (0.8–0.6 Ma) ignimbrites was noticed by Gurbanov [26] and described by
Koronovskiy [13] in the western slope of Elbrus. Young ignimbrites are dense, lenticularly
banded, and composed of welded lithic and crystal clasts (Figure 3a,b). The textural
diversity mainly arises from the difference in crystallinity of lithoclasts and the degree of
alteration of the rock matrix. The phenocryst association is represented by plagioclase,
sanidine, quartz, biotite, and orthopyroxene. Plagioclase, which is present mainly as crystal
fragments reaching 0.5 mm in length, has complex zoning with normal and reverse zones.
Plagioclase composition varies over a wide range, An46Ab52Or2–An24Ab71Or5. Sanidine
forms euhedral crystals with a composition in the range of An1Ab40Or59–An1Ab27Or72
(Table S3). Euhedral biotite crystals have the composition Mg # = 52–61, 0.1–0.15 wt% MnO
and 0.55–0.8 wt% Na2O, 0.8–3.5 wt% F (Table S4). Accessory minerals are represented by
apatite, zircon, and ilmenite (XHem = 5–13 mol%).
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Figure 3. Back-scattered electron (BSE) photographs of young ignimbrites (0.7 Ma) and lavas
(<0.25 Ma) of Elbrus. (a) Young Elbrus ignimbrite, sample 74k; (b) young Elbrus ignimbrite, sample
55-1/97; (c) Elbrus lava with phenocrysts of plagioclase, amphibole, biotite, and orthopyroxene,
sample ELB-10; (d) “spongy” phenocryst of plagioclase in Elbrus lava, sample ELB-14. Phase abbrevi-
ations: pl—plagioclase, amp—amphibole, bt—biotite, opx—orthopyroxene, ilm—ilmenite.

4.1.4. Dacitic Lavas of Elbrus

Dacitic lavas of the modern Elbrus edifice (stage 5 according to the [15], Upper
Pleistocene-Holocene) are dense, rarely moderately porous, homogeneous, or banded,
with phenocrysts of plagioclase, biotite, amphibole, and orthopyroxene immersed in mi-
crolithic groundmass (Figure 3). Plagioclase phenocrysts up to 0.5 mm in size are strongly
resorbed. They are represented either by crystals with resorbed cores with thin normally
zoned mantle or crystals in which the oligoclase core is surrounded by a resorption zone,
which has a thin normally zoned mantle. The composition of plagioclase in lavas ranges
from An28Ab67Or5 to An63Ab36Or1 (Table S3). The biotite phenocrysts are almost unzoned,
reaching a size of 0.3 mm, and are surrounded by a breakdown rim. Biotite is characterized
by Mg # = 58–75, and contains 0.05–0.2 wt% MnO, 0.6–0.1 wt% Na2O, and 0.6–2 wt% F
(Figure 4, Table S4). Amphibole occurs as separate small (up to 0.2 mm) phenocrysts or
rims on orthopyroxene crystals (Table S8). Orthopyroxene forms phenocrysts of various
sizes (0.1–0.4 mm) with normal and reverse zoning. The most magnesian composition
of orthopyroxene is characterized by Mg # = 88.1, the content of 4% Al2O3, 0.6% Cr2O3,
and 0.2% MnO, and the most ferrous is characterized by Mg # = 50, the content of 0.5%
Al2O3, <0.1% Cr2O3, and 1.2% MnO. (Figure 5, Table S6). Augite (Mg # = 71.6–80.6) is
rare in the studied lavas; it is found only in samples (ELB-14, ELB-16, ELB-18) in a minor
amount (Table S7). Apatite, titanomagnetite, and ilmenite (XHem = 9–35 mol%) are found
as accessories. The microlithic fine-grained groundmass consists of plagioclase, pyroxenes,
ilmenite, magnetite, and accessory apatite immersed in volcanic glass. The small size of
microlites does not allow quantitative characterization of their composition.
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4.1.5. Eldjurta Granite (Tyrnyauz)

The composition of the mineral phases of Eldjurta granite was characterized in one
typical sample dated to 1.96 Ma [17] for comparison to the volcanic rocks. Only the compo-
sitions of biotite and ilmenite were determined. Biotite is characterized by Mg # = 39–45,
0.38–0.59 wt% MnO, 0.1–0.3 wt% Na2O, 0.8–1.1 wt% F (Table S4). Ilmenite is characterized
by a low content of the hematite endmember (XHem = 1–6 mol%).

4.2. Bulk Rock Composition

Bulk rock composition (Table S9) reveals that the studied rocks form compositional
groups according to their age (Figure 6). The rhyolites of the Chegem caldera are the most
silicic (73–75 wt% SiO2), enriched in K2O (4.2–4.7 wt%), and the most depleted in compatible
elements—CaO, MgO, FeO, TiO2, Al2O3, and P2O5 (Figure 6). Early ignimbrites of the
Elbrus region (1.98 Ma), rhyolites, and granites of Tyrnyauz form another compositional
group, which is less silicic (70.6–72% SiO2) and less potassic (3.8–4.7 wt% K2O) and enriched
in CaO, MgO, FeO, TiO2, Al2O3, and P2O5. Young ignimbrites (0.7 Ma) and young lavas of
Elbrus are the least silicic (66.1–68 wt% SiO2) and the most enriched in compatible elements
(Figure 6).
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Figure 6. Bulk rock major element (in wt%), Rb and Sr (in ppm) content in ignimbrites of the
Chegem caldera, ignimbrites and lavas of Elbrus and Eldjurta granites, and in rhyolitic matrix glasses.
The gray circles show the published compositions of the Elbrus rocks [15,18,21,27,28]. Black lines
show the modelled mixed compositions of the average composition of Elbrus ignimbrites with two
compositions from the group of the least silicic lavas of the Elbrus region [21]. Diamonds on the lines
correspond to compositions with a mixing ratio step of 10 wt%.
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All studied rocks have negative Nb and Ta and positive Li, Pb, and K anomalies
(Figure 7). The trace element distribution shows similarity among all young volcanic rocks
and granites. The rhyolites of the Chegem caldera have the most pronounced negative
anomalies in Nb, Ta, Sr, P, Zr, Hf, Eu, and Ti. The vitroclastic extracaldera tuff of the early
eruption phase, overlapping with Jurassic carbonate rocks (sample ELB-25), exhibits the
most prominent negative anomalies in the content of these elements, indicating fractiona-
tion of feldspar, apatite, and zircon. The early ignimbrites of Elbrus and the rhyolites of
Tyrnyauz and Eldjurta granites have almost identical compositions. They are approximately
twice enriched in Rb, Cs, U, Pb, Nb, and Ta and have higher concentrations of Sr, Ti, Ni, Cr,
Co, V, Zn, Y, HREE, Li, Be, Sc, and Ga (Figure 8) compared to the Chegem ignimbrites. A
characteristic feature of Chegem rhyolites is 1.1–1.2 times higher concentrations of K, Ba,
Th, La, and Ce compared to the rhyolites, ignimbrites, and granites of Elbrus and Tyrnyauz.
Late ignimbrites and lavas of Elbrus form a compositional trend, characterized by the
progressive depletion of Cs, Rb, Th, U, Nb, Ta, P, HREE, Li, and Be, and an enrichment
in Sr, LREE, Ti, V, Cr, Ni, and Co (Figure 8). Compared to island arc basalts (IAB), all
young igneous rocks of the Greater Caucasus share a calc-alkaline to alkaline specification.
However, they are more depleted in HREE, have more pronounced positive anomalies in
Li and Pb, U and Th, and are also characterized by a higher enrichment in Th relative to U
(Th/U = 3.2–5). All silicic rocks correspond to the I-type of granites due to their alumina
saturation index (ASI < 1.05) and Th and U contents [29].
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Figure 7. Trace element distribution (normalized to N-MORB) in ignimbrites of the Chegem caldera
(orange lines), ignimbrites (yellow lines), and lavas (blue lines) of Elbrus and Eldjurta granites (red
line). The average composition of the island arc basalts of the eastern volcanic front of Kamchatka is
plotted for comparison [30]. Green arrows indicate the relative enrichment/depletion.
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Figure 8. Trace elements content (in ppm) in ignimbrites of the Chegem caldera, ignimbrites and
lavas of Elbrus, rhyolites of Tyrnyauz, and Eldjurta granites. The symbols are the same as in Figure 4.
Gray circles show the compositions of the least silicic lavas of Elbrus. Black lines show the model
compositions of mixing the average composition of Elbrus ignimbrites with two compositions from
the group of the least silicic young lavas of the Elbrus region [21]. Diamonds on the lines correspond
to compositions with a mixing step of 10 wt%.

4.3. Oxygen Isotopic Composition

The oxygen isotopic composition of plagioclase and quartz phenocrysts from young
Elbrus ignimbrites is shown in Table S10. The oxygen isotopic composition in quartz shows
similar values (δ18O = 9.02–9.16) for three samples of young ignimbrites, corresponding to
δ18O values for magma in the 8.38–8.62 range of other Greater Caucasus magmas. Isotopic
data for other young samples were previously determined by [17,31].

5. Discussion
5.1. Early Elbrus Rhyolites, Tyrnyauz Rhyolites, and Eldjurta Granites

Early rhyolites and ignimbrites of Elbrus, Tyrnyauz, and Eldjurta granites are similar in
several petrographic and geochemical characteristics. The samples of granite and rhyolites
are close in their major element (Figure 6) and trace element contents (Figure 7). The
only significant difference is the elevated content of Th and Cs in Eldjurta granites. The
rock-forming mineral assemblage and biotite composition are similar in all rocks studied
here (Figure 4). Biotite in granites has slightly elevated MnO and Cl contents compared to
ignimbrites and rhyolites, which can be explained by the accumulation of these elements
in the melt during the late stages of granite crystallization and mark only the difference
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found in volcanic and plutonic products of the same magma. A remarkable feature is the
relatively reduced crystallization conditions for early ignimbrites and Eldjurta granites
(see below). Our data demonstrate the identity of the early Elbrus rhyolites, Tyrnyauz
rhyolites, and Eldjurta granites. Along with the previously determined proximity of the
Sr-Nd isotopic composition of rocks [28,32], the O-Hf isotopic composition of zircons and
the same age [17], rhyolites (early Elbrus and Tyrnyauz) and Eldjurta granites must be
considered as plutonic and volcanic derivatives of the same single (or extremely closely
analogous) magma reservoir(s).

5.2. The 1.98 Ma Ignimbrites in the Basement of Elbrus Area and Chegem Rhyolites (2.9 Ma)

Compared to Chegem, the Elbrus and Tyrnyauz rhyolites are characterized by more
calcic plagioclase, more potassic alkali felspar composition, elevated F content in biotite,
and different accessory minerals, particularly Fe-Ti oxides. Elbrus and Tyrnyauz rhyolites
are enriched in Rb, Cs, Zr, Y, Sr, U, Pb, Cr, Ti, Nb, Ca, and Mg, and slightly depleted in Th,
Ba, La, and Ce compared to Chegem rhyolites (Figures 7 and 8). At the same time, the ratios
of highly incompatible elements (Figure 9) and O-Sr-Hf isotopic composition (discussed
below) are close for 1.98 and 2.9 Ma rhyolites, reflecting their genetic proximity. Higher
content of incompatible elements and an increase in the fluorine content in biotite indicate
that Elbrus and Tyrnyauz rhyolites may have been produced through crystal fractionation
of Chegem magma between the 2.9 and 1.98 Ma volcanic impulses. Th, La, Ce, and Ba
depletion is associated with the fractionation of allanite (concentrate Th and LREE) and
alkali feldspar. An increase in the concentration of compatible elements points to the
possibly significant role of assimilation, as discussed below.
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Caucasus compared to basalts of different geodynamic settings and the Earth’s crust. Symbols for
young igneous rocks of the Greater Caucasus are the same as in Figure 4. Additionally shown:
gray square—average composition of island arc basalts of the eastern volcanic front of Kamchatka
(IAB, [30]), gray circle—average composition of basalts of mid-oceanic ridges (N-MORB according
to [33]), gray triangle—average composition of basalts of oceanic islands (OIB according to [33]),
gray cross—average composition of continental crust [34]. Blue arrows—based on mass-balance
calculations evolution of the elemental abundances and their ratios in during fractionation of 90%
of crystals from the model island arc basalt. The calculations assume bulk mineral-melt partition
coefficients to be equal: KD

Rb = KD
Cs = KD

U = KD
Th = 0. The green dashed arrow indicates the

direction (not quantitively) of element ratios’ evolution during supra-subduction mantle enrichment
by sedimentary material. The gray area in the Th/U–U diagram illustrates the range of Th/U ratios
in modern island arc rocks, where sediment flux is proposed [35].

5.3. Origin of Rhyolite Magmas of the Greater Caucasus

The geodynamic modeling by Bindeman et al. [17] suggested the origin and evolution
of young magmatism in response to the melting of the delaminating supra-subduction
lithosphere during the Caucasus orogeny. This model is consistent with the observed
geophysical structure of the upper mantle and crust under the Greater and Lesser Cauca-
sus [36,37].

We here utilize a geochemical approach to determine the nature of the magma source
which traditionally uses ratios of highly incompatible elements. These ratios remain
nearly constant during magma differentiation and reflect the nature of the melt source
and melting conditions. Applying this approach to silicic magma is complicated because
many traditionally incompatible elements become progressively compatible as some major
minerals (e.g., sanidine) and accessory minerals (e.g., zircon, allanite, chevkinite) join the
assemblage in highly differentiated rhyolitic magmas. We used Cs, Rb, U, Pb, and Ta to
characterize the melt source, since ratios of these elements do not change significantly even
in the most differentiated rocks studied here and worldwide (Figure 9). Moreover, Cs, Rb,
and Ta remain “perfectly incompatible” as they are not included in significant quantities in
the rock-forming and accessory minerals observed in the samples.

Generally, young volcanic rocks of the Elbrus, Tyrnyauz, and Kazbek areas are calc-
alkaline, enriched in LILE such as Rb, Sr, Ba, U, and Pb, and depleted in HFSE, e.g., Ti, Zr,
and Nb, as was established by previous research [9,28,38], which emphasized the close re-
lationship of silicic magmatism with magma generation processes under supra-subduction
conditions. Rhyolites of the Chegem caldera fall on the Rb vs. Y + Nb diagram [39] near
the boundary between syn-collisional and volcanic arc granitoids [17,28].

Our new data in Figure 9 illustrates the ratios of incompatible elements in rhyolites,
dacites, and granites. For comparison, the island arc basalts of the eastern volcanic front of
Kamchatka [30] were taken as a model composition of island arc magmas, along with the
compositions of N-MORB and OIB [33], and the average composition of the continental
crust [34]. Young Great Caucasus silicic rocks are geochemically close to the island arc
calc-alkaline basalts, suggesting that they are derivatives of supra-subduction basaltic
magma, inheriting their geochemical characteristics from LILE rich subduction fluids.
Furthermore, we used the average composition of the eastern volcanic front of Kamchatka
IAB, an example of supra-subduction mantle-derived magmas formed under conditions of
long-lived subduction of the mature oceanic lithosphere under the continent margin with a
thick crust, as a proxy for parental basaltic magma.

The content of Rb, Cs, U, and Pb in ignimbrites of the Chegem caldera is approximately
5–10 times higher than their average content in other island arc basalts. This similar level
of enrichment suggests that silicic magmas can nominally be produced by ~80–90% frac-
tionation (assuming the incompatible behavior of Rb, U, and other incompatible elements
KD = 0) of crystals from island arc basalts (the role of assimilation is discussed below).
Experimental data [40,41] show that dacitic and rhyolitic magmas can form at >80% of
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crystal fractionation in the presence of water under lower crustal conditions. Fractionation
of basaltic magma in the lower crust under supra-subduction conditions can generate
significant volumes of silicic magmas by melting [42,43]. The melting of crustal mate-
rial would produce higher concentrations of incompatible elements in anatectic magmas
because average crustal material has two to five times higher bulk concentrations than IAB.

Significant depletion of Chegem magmas in compatible elements—Mg, Ca, Sr, Ti,
Ni, Cr, Co, V, Zn, and Y—in comparison with arc basalts requires fractionation of the
association of plagioclase, Fe-Mg silicates and spinel (and/or titanomagnetite), which
provides another supporting evidence for a high degree of fractionation. Thus, geochemical
features of magmas that fed the volcanic activity of the Chegem caldera were produced by
the fractionation of IAB-like magmas. The origin of isotopic composition is discussed in
detail below.

5.4. Reasons for Th and U Enrichment and High Th/U Ratios

Unlike other incompatible elements, in particular, U, whose content is ~5–10 times
higher than in model island arc basalts, the Th content in rhyolites and granites exceeds the
concentration in island arc basalts by 25–40 times (av. 27 ppm). The average Th/U ratio
is about 4, roughly corresponding to the crustal value (Th/U = 4.2). Such Th enrichment
cannot be generated simply by crystal fractionation of basalts (which will be closer to 2.5–3),
as we demonstrated for other incompatible elements, and requires an additional source
of Th. Thorium enrichment may be attributed to crustal assimilation. However, during
melting of metamorphic rocks, Th remains in restite, retained by accessory phosphates
(monazite) [44], so we assume this scenario is unrealistic.

The enrichment of magmas in Th over other elements is known for some island arc
magmas [45,46]. The melting of subducted sedimentary rocks enriched in insoluble Th,
produced by the destruction of the mature crust, may lead to supra-subduction mantle
fertilization and the production of magmas enriched in Th by up to 25 ppm (for basalts and
andesites) [35]. The enrichment of supra-subduction magmas in Th leads to an increase in
the Th/U ratio to 3.2–5, which overlaps with the values of this ratio for Chegem rhyolites
(Th/U = 4.6) and rhyolites of Elbrus and Tyrnyauz (Th/U = 3.2–5). On the Th/Yb-Nb/Yb
diagram (not shown), the compositions are significantly shifted from the MORB mantle
array towards an increased Th/Yb ratio, indicating supra-subduction enrichment as well.

5.5. Origin of Isotopic Characteristics

Previous studies of the Sr-Nd isotopic composition of silicic rocks [28] of the Greater
Caucasus and O-Hf isotopes in zircons [17] demonstrated evidence of a hybrid mantle-
crustal origin of young magmatic rocks of the Greater Caucasus. The estimated crustal
material in the volcanic rocks varies from 20% to 25% for Chegem rhyolites to 50% to 55%
for early Elbrus rhyolites. This increasing role of crustal material between 2.9 and 1.98 Ma
is likely caused by crust assimilation, which is also seen in trace elemental behavior. On the
other hand, the incorporation of a significant amount of crustal material to Chegem magma
contradicts the low abundance of incompatible elements. Zircon crystals in rhyolites form
homogeneous populations with the presence of neither older nor geochemically distinct
crystals [17]. This, together with relatively moderate (for collisional environment magmas)
oxygen and strontium isotopic ratios, allows us to exclude melting Paleozoic differentiated
crustal material as a source of silicic magma.

5.5.1. Role of Mantle Source Enrichment

An isotopic composition different from MORB in magmatic rocks is usually at-
tributed to the melting of an enriched mantle or crustal source. Since crustal melting
seems unlikely, we testify that the metasomatized supra-subduction mantle may pro-
duce observed isotopic ratios. The isotopic composition of the Chegem rhyolite magmas
(87Sr/86Sr = 0.7055–0.7076 [10], εHf = +1.7 to +5.6, and δ18O from + 7‰ to + 8.6‰ [30])
overlaps with the characteristic range of supra-subduction magmas of modern mature
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island arc systems. Low εHf (0–3) values may be produced only by sediment admixture to
a mantle wedge [47] without crust assimilation. Direct evidence isotopic sub-arc mantle
enrichment (δ18O = +8.03) is known for the peridotite xenolith from South Tibet [48].

Chegem rhyolites have Sr and Hf isotopic ratios far from the mantle values; at the
same time, δ18O is only slightly higher (for 2–3‰) than the typical mantle. Such isotopic
patterns may be produced by isotopic mixing of two components, one of which is depleted
in Sr and Hf [49], as in the case of supra-subduction enrichment of peridotite, and depleted
in trace elements, by means of enriched fluid or melt from the subducting lithosphere.

Figure 10 illustrates the average Sr-Hf-O isotopic compositions of young Greater
Caucasus rhyolites and granites (data from this work, [10,15,17,32,50]). The isotopic
mixing lines model two scenarios: (1) isotopic MORB-like mantle (δ18O = 5.8, εHf = 15,
87Sr /86Sr = 0.703, [51,52]) enrichment under supra-subduction conditions; (2) crustal as-
similation by magma with MORB-like isotopic composition. Since Th/U and Th/Yb ratios
of the studied rocks are shifted from MOBR-array, we assumed sediment incorporation in
the magma generation zone (see section); we used Phanerozoic sediment isotopic composi-
tion as a mixing endmember proxy. Sediment isotopic composition is variable, so we chose
values of δ18O = 20, εHf = −5, 87Sr/86Sr = 0.71, which are within the variation ranges of
observed oceanic sediments [53,54]. Variation of the model sediment composition within
the natural range will not principally affect the interpretation. As shown in Figure 10, the
isotopic compositions of rhyolites and granites are close to the mixing line correspond-
ing to mantle enrichment, and indicate the addition of 10–20% of material with isotopic
characteristics of modern sedimentary rocks (Figure 10).
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Figure 10. Average isotopic composition of Sr, Hf and O ignimbrites of the Chegem caldera (orange
circle) and ignimbrites of Elbrus and Tyrnyauz (1.98 Ma—yellow circle, 0.7 Ma—green circle) and
Eldjurta granites (yellow star). Isotopic mixing lines between the model compositions of the mantle
(denoted by the symbol “m”, isotopic composition—δ18O = 5.8, εHf = 15, 87Sr/86Sr = 0.703) and
sedimentary material (denoted by the symbol “s”, isotopic composition—δ18O = 20, εHf = −5,
87Sr/86Sr = 0.71) reflect two scenarios: enrichment of the mantle source under suprasubduction
conditions (Srmantle/Srcontaminant = Hfmantle/Hfcontaminant = 0.1) and magma assimilation of crustal
matter (Srmagma/Srcontaminant = Hfmagma/Hfcontaminant = 2). The blue lines show a potential increase
in δ18O by ~1‰ during fractional crystallization. The average strontium isotopic composition was
taken from [10,38,50], and that of hafnium was taken from [31].

The isotopic composition of oxygen, unlike Sr and Hf, may increase insignificantly
during fractional crystallization. However, fractionation from basalt to dacite with deep
crustal pyroxene and amphibole fractionation and without plagioclase causes a maximum
possible increase in δ18O of 1–1.2‰ (summary in the work [55]). In the case of the early
fractionation of plagioclase, isotopic fractionation does not exceed 0.4‰ [56]. Thus, the
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potential fractionation’s effect on oxygen isotopic composition cannot explain the multi-
permil range that we observe.

5.5.2. Role of Crustal Assimilation

Crust assimilation during magma evolution is clearly indicated by comparing the
Hf-O isotopic ratios of Chegem and early Elbrus and Tyrnyauz rhyolites [31]. The latter
was enriched with compatible (Ca, Mg, Al, Sr, Cr, Ni) and incompatible elements (Figure 8).
Observed geochemical features indicate that Elbrus and Tyrnyauz magma were generated
from magma compositionally similar to Cherem rhyolites through the crystallization and
assimilation of wall rocks. Furthermore, we constrain this process using petrological and
geochemical observations.

Magnetite-bearing Chegem rhyolites and granodiorites (also reported by [9]) contrast
with ilmenite-bearing early Elbrus rhyolites Tyrnyauz granites in oxidizing conditions.
Accessory Fe-Ti oxides are the main indicators of the redox conditions. Magnetite-bearing
granites are more oxidized environments, while ilmenite-bearing are more reduced [57].
The transition between magnetite and ilmenite series approximately corresponds to the
NNO buffer [58]. Rhyolites of the Chegem caldera and their cogenetic granodiorites con-
tain titanomagnetite [9], indicating relatively oxidized conditions. Ilmenite in these rocks
occurs only in the form of small rare segregations along titanomagnetite grain edges. Early
ignimbrites of Elbrus, rhyolites, and granites of Tyrnyauz, the next major stage of magmatic
activity, are additionally characterized by the paragenesis of pyrrhotite and ilmenite with a
very low content of the hematite endmember (XHem = 0–5 mol%), indicating a change in re-
dox conditions. Experiments in a rhyolitic water-saturated system [59] reproduce pyrrhotite
in the temperature range of 800–1000 ◦C only at low oxygen fugacity, corresponding to
NNO oxygen buffer or lower. Reduced ilmenite-bearing silicic rocks in collisional settings
are traditionally associated with the incorporation of organic carbon from sedimentary (or
metasedimentry) rocks [57]. The reducing fO2 may indicate assimilation of sedimentary
rocks. Potential candidates include Paleozoic and Mesozoic volcanogenic-sedimentary and
terrigenous-sedimentary rock, which contain sporadic coal strata.

The euhedral phenocrysts in rhyolites (both Chegem and early Elbrus), the absence of
microlites, and the similar composition of matrix glass and melt inclusions published by
Babanskiy, Tolstykh and their coauthors [60,61] suggest that magmas did not experience
any significant crystallization during the syn-eruptive evacuation to the surface, which
is probably associated with the rapid loss of water and glass quenching, as observed in
Yellowstone lavas [62]. Thus, matrix glass may be used as a direct proxy for pre-eruptive
melt composition (Figure 11) at storage. On a Q-Pl-Kfs projection melt composition shifted
to higher potassium relative to the polybaric line of temperature minima for a water-
saturated haplogranite system [63]. Experimental studies show that such a shift in melt
composition, in equilibrium with quartz and feldspars toward potassic compositions, occurs
either at water activity <1, as in the case of the mixed water-carbon dioxide fluids [64], or at
fluid undersaturated conditions [65]. Low water activity, which is likely due to the presence
of carbon dioxide, may indicate the assimilation of carbon-bearing sedimentary material,
whether this be organic matter, limestone, or both. Carbon and oxygen isotopes around
the carbonate inclusions abundant in the Chegem ignimbrites indicate the volatilization of
organic carbon [17], so some of these processes do occur at least near the surface.
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minima at P = PH2O (aH2O = 1) are taken from the work of Tuttle and Bowen [63] and the position of
the thermal minima for 200 MPa and aH2O < 1 is taken from the work of Ebadi and Johannes [64].

5.6. Origin of Young Ignimbrites and Lavas of Elbrus Area

Young 0.7 Ma Elbrus ignimbrites and lavas of the Elbrus cone share common petro-
logical and geochemical features. Successive depletion in silica and enrichment in Ca, Mg,
Cr, and other elements indicate their formation as a result of mixing of rhyolitic and mafic
magma (Figures 6 and 8). Bulk composition, the mineral assemblage and composition
gradually change from Pl-Kfs-Q-Opx-Bt in rhyolites to Pl-Opx-Amp-Bt in lavas; biotite and
orthopyroxene become more Mg-rich. The presence of “spongy” crystals of plagioclase,
zoned phenocrysts of orthopyroxene and plagioclase indicates the mixing of composi-
tionally contrasting magmas. Within individual zones of orthopyroxene, its Mg# reaches
88 mol%, and its Cr2O3 content reaches 0.7 wt%. This indicates that admixed magma had a
basic composition. The increase in admixed mafic magmas is confirmed by isotopic data,
which demonstrate an increase in εHf values and a decrease in δ18O from early to late
ignimbrites and lavas of Elbrus. Basaltic lavas near the Elbrus are relatively rare, which
indicates that the mafic magmas of the late stage of the volcanic center’s development may
have been trapped by a silicic magma chamber. The least silicic young lavas near Elbrus
are basaltic trachyandesites effused from monogenic volcanic edifices on the periphery of
the modern Elbrus volcanic edifice [21]. Since young ignimbrites and lavas of Elbrus are
close to the mixing line between Elbrus and Tyrnyauz rhyolite and basaltic trachyandesite,
the latter may be a good proxy for the composition magmas which fed effusive activity in a
final stage (Figures 6 and 8). Mass-balance calculation suggests admixing of at least 40–50%
basaltic trachyandesite to reproduce the composition of dacitic lavas. It is also possible
that differentiate of these more mafic magmas mixed with resident dacites. At the same
time, isotopic data indicate that the fraction of “crustal” material in early ignimbrites is
only 5–10% higher than that in young lavas, which may indicate that the main magmas
of the late volcanism of Elbrus volcano also have crustal isotopic characteristics, and their
origin can be traced to a common silicic magma body formed 0.7 Ma.

Basaltic trachyandesite and andesite lavas erupted 690–830 (±50) thousand years ago
in the area around Elbrus, namely the Tash-Tebe volcanic apparatus, and 950–900 (±50)
ka for the Tyzyl, Tashlysyrt, and Syltran volcanic edifices [20]. According to this dating,
young ignimbrites (700 thousand years old) and lavas of the stratovolcanic edifice of Elbrus,
studied by us and other authors [15,27], erupted after the formation of monogenic mafic
volcanic edifices. In a numerical geodynamic model of Caucasus collision [17] a significant
basaltic magmatism pulse occurred 0.5–0.7 Ma ago, suggesting temporal compatibility of
the model with the observed record.
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6. Conclusions

The young silicic magmatism of the Greater Caucasus, including Chegem rhyolites,
Tyrnyauz, early and late Elbrus rhyolites, Eldjurta granites, and Elbrus dacitic lavas, has
similar island arc-like geochemical characteristics. Shared close ratios of highly incompati-
ble elements indicate that all silicic rocks were produced as a result of the development of a
long-lived crustal magmatic system. The evolution of the major and trace element contents
and mineral and isotopic compositions of silicic magmas allowed us to propose a unified
scheme of collisional magmatism development.

The relatively low contents of incompatible element ratios, δ18O and 87Sr/86Sr values
for collisional settings suggest that Chegem rhyolitic magma could be generated by 80–90%
fractional crystallization of mantle-derived basalts with island arc geochemical affinity. The
observed O-Sr-Hf isotopic composition and the elevated Th/U ratios could be derived
from the sub-arc mantle, fertilized by sediment-derived melts of fluids.

Mineralogically and geochemically similar early Elbrus ignimbrites, Tyrnyauz rhy-
olites and Eldjurta granites were likely formed from Chegem-like magma through the
fractional crystallization and assimilation of crustal rocks. The observed mineralogical and
geochemical features suggest that assimilants were likely represented by sedimentary or
volcano-sedimentary carbonate-bearing rocks, which are present nearby.

Further evolution of the magmatic system, as captured by late Elbrus ignimbrites
and lavas of the modern stratovolcanic edifice, is driven by the mixing of the rhyolitic
magma reservoir with more mafic magmas, which is close in composition to basaltic
trachyandesites, which occur as lava flows at the periphery of Elbrus volcano.
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